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REVIEW OF ACCOMPLISHMENTS

The axial properties of carbon fibers were found to

correlate well with preferred orientations determined
by either x-ray diffraction or optical techniques.

High modulus carbon fibers were found to have significant

gradients in preferred orientation. For IIMS fiber, the
modulus of the surface layers is about twice the average
fibers modulus, while the interior modulus is only about
one-half the average. This modulus gradient suggests
that higher modulus fibers, with good strength, could be
produced, if the modulus at the interior of these filers
could be increased.

The gradient in preferred orientation produces high residual

stresses in 1114S fibers. While the high surface compressive
stresses minimize the effect of surface flaws, the high
axial tensile stresses in the interior may decrease strength
by causing fracture to initiate at flaws in the interior
rather than at the surface. Similarly, the high axial
compressive stressed outer layers of a fiber may initiate
buckling when the fiber is compressively loaded. Modifications

of the residual stress pattern might allow increased tensile
and/or compressive strengths to be obtained in high modulus
carbon fibers.

Many correlations between properties and fiber diameter,

reported in the past, may be in error because it is very
difficult to determine the fiber diameter precisely and
accurately.
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I. INTRODUCTION

The axial properties of carbon fibers such as modulus, coefficient

of thermal expansion, and strength, are easily measured in the as-received

state. However, large changes in the fiber properties can occur during

processing of carbon/carbon composites, and the fiber properties in the

finished carbon/carbon composite are not easily determined.

Two methods of measuring preferred orientation on carbon fibers in

finished carbon/carbon composites could be used with crystal properties

to correlate with the axial properties:

(1) X-ray diffraction

(2) Optical.

While x-ray diffraction has been used for more than a decade to

measure preferred orientation in carbon fibers, it is often limited by

the requirement to use a bundle of fibers to obtain the necessary intensity

and, in any case, it averages the preferred orientation throughout the

fibers.

A major advantage of x-ray diffraction is that the intensity from a

diffracting plane drops drastically for slight misorientations. lience,

the corrected intensity plot accurately describes the exact orientation

position of the basal planes within the fiber. This makes the method

very sensitive to small changes in the actual distribution (shape of the

curve).

Quantitative optical microscopy has been used as a second technique

for determining preferred orientation. The optical activity is observed

using light reflected off a polished fiber sample. Information is required

on both axial and transverse microstructure, and this is most easily

obtained from a low angle oblique section. Preferred orientations on areas
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2
as small as li can be measured, and the variation can be measured across

the fiber diameter. Hence, changes in modulus across a fiber can be

determined. However, optical activity is not sensitive to small tilts

in basal planes in the plane of the polished surface. Therefore, two

samples could have identical optical activity, but different x-ray preferred

orientations and physical properties such as modulus.

Optical studies indicate a gradient in preferred orientation across

the fiber diameter, and residual stresses should be present which may alter

the strength of a brittle material such as a carbon fiber. The small effect

of surface abrasion on the strength of high modulus carbon fibers also

suggests compressive axial residual stresses at the fiber surface. IlencC,

studies were also performed to determine residual stress in carbon fibers.

II. EXPERIMENTAL

(A) X-ray diffraction

(1) Technique

A bundle of fibers was attached to an annular type samplc

holder so that they covered the center hole of the annulus. The fibers

were kept nearly parallel by dipping them in acetone and allow ing the

capilla.,y action to draw the fibers together. The acetone also reacted

with a thin film of acetone plastic on the surface of the sample holder

and fiber arrangement is shown in Figure 1. The sample holder was rotated

(in the "4" direction) by a clock motor to determine preferred orientation.

The holder was placed in the diffractometer so that the axis of rotation

in the plane was determined by the incident and diffracted beam,

diffractometer plane, as in Figure 2. The axis of rotation was also kept

at an angle of 6 degree to the incoming beam. The specimen was then
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Figure 2. The Schematic view of the x-ray diff'rnctomcter ipparatus with

the rotating speeilmen stage.
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positioned for a p intensity maximum by making the bundle axis perpendicular

to the diffractometer plane. The 26 scans were then made to determine the

Values at which 20 should be set for the scans. With 20 property set,

the intensity of the 0002 peak in the ¢ scans was a maximum. The actual

figures in reciprocal space were measured with a Norelco diffractometer

and x-ray unit fitted with a copper K radiation source. The diffractometer

provided the usual 20 scan with a proportional counter as a detector. The

specially designed and constructed rotation stage was used to enable the

direction to be scanned. The output data took the form of strip charts

which were plots of intensity versus or 20, as shown in Figure 3.

(2) Corrections

We must make corrections for crystallite size and other

factors which affected the shape of the 0002 diffraction arcs. The width

of the peak in the direction is contributed by the following:

i) Preferred orientation of the basal planes with respect

to the fiber axis of the graphite crystallite within

the fibers.

ii) Orientation of the sample fibers in the plane of the

sample holder.

iii) Crystallite size of the graphite crystallites in

the 1000 direction or La.

iv) Pure instrument broadening from the geometry of the

di ffractometer.

(B) Optical microscopy

(1) Metallographic preparation

Fibers were mounted in epoxy in two ways: perpendicular

and parallel to the final polished surface. Then, the samples were

polished to get end cross sections and longitudinal sections.
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(2) Measurement

These measurements were determined with a Leitz MPV

system which can measure light from a small region. Preferred

2
orientations on fiber areas as small as li can be measured, and this

allows the variation in preferred orientation across a fiber to be

determined.

(C) Residual stress measurements

(1) Removal of surface layers

The surface layers of carbon fibers were successfully

removed by gaseous oxidation or ion milling. For air oxidation, the

fibers were cleaned with TtIF (tetra-hydrofuran) in an ultrasonic cleaner.

The cleaned fibers were then dried, and placed into furnace for

oxidation at 580°C, 630 0C, 6800C, 730 0C and 760 0C for different periods

of time from 10 minutes to 3 hours. Fibers to be ion thinned were mounted

onto a metal washer which was fastened to the stage of ion milling apparatus.

The stage rotated between two opposed sputtering guns operating at 6000V

and 50 pa which permitted more uniform sputtering of the fibers. The

fibers were thinned to different reduced diameters by varying the lengths

of furnace or sputtering time.

(2) Measurement of modulus gradient

Fibers (2.5 cm gauge length) were mounted individually for

mechanical testing and a segment of the fiber was saved for diameter

measurement. A compliance correction for the tensile tester was used

in the modulus determinations, but is 10% or less in magnitude.

(3) Measurement of residual strain

A technique was developed to measure contraction of fiber

segments less than 0.5 cm in length. A reference fiber was mounted

straight and a specimen fiber was mounted in a circular arc on a washer
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as shown in Figure 4a. Both fibers were then sputtered and the contraction

of the specimen fiber was measured, Figure 4b. As compressive surface

layers were removed during sputtering, the fiber shrank. The straight

reference fiber naturally remained stationary. Ilowever,the arced fiber

drew away from the reference fiber as the arced fiber contracted. The

measurement of separation distance between the reference fiber and the

arced fiber was an indirect measurement of the strain within the specimen

fiber.

Ill. RESULTS AND DISCUSSION

(A) X-ray diffraction and preferred orientation

(1) Theory

In 1956, Bacon developed a technique to measure the

"anisotropy factor" and to estimate the degree of preferred orientation

in graphite. He then related preferred or:entation to the mechanical

properties of graphite prepared by extrusion and pressing. Ruland2

rotated fiber samples in the @ direction and measured the x-ray diffraction

intensity variation of the (0002) peak along this direction to get a

texture parameter function, g( ). This function can he used

into the equation he developed to estimate the modulus in the direction

of the fiber axis. Butler 3 used the same method to measure the preferred

orientation for several commercial carbon fibers and suggested the

parameter, @ , which is the width at half-maximum peak height of the 10002

versus 0 distribution curve, can be used to estimate the preferred

orientation within the fiber.
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(2) Results

The modulii of carbon fibers versus half-width follow

along two curves, Figure 5. In one set, for fibers heated to high

temperatures, there is a lower modulus for a given preferred orientation.

In the second set, fibers atre heated to lower heat-treatment temperatures

and the larger the difference from the first curve, the lower the heat-

treatment temperature. This deviation is probably caused by the increase

in basal plane shear modulus at lower heat-treatment temperature. In

either case, there is a correlation, and for high heat-treatment temper-

atures, such as used in carbon/carbons, the relationship can be assumed

to follow the lower curve.

A similar plot, Figure 6, using the texture parameter

illustrates again that high heat-treatment temperature results in a lower

modulus for a given preferred orientation. The agreement for high-temper-

ature heat-treated fibers and calculated values based on constant stress,

graphite single crystal elastic constants, and the texture parameter is

excellent. Deviation for lower temperatures heat-treatment fibers can

be explained again by an increase in shear modulus.

The observed x-ray iatensity is often well fitted by the

texture parameter as shown by the 11TS fibers and most others, Figure 7.

However, for some fibers, notably the Fortifil T series, significant

deviation occurs and would require numerical evaluation for proper

estimation of modulus.
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(3) Comment onl p)revi ous work

()No mitt er what k inrd of fibheris thle,% are, the

hi i ghe r t lie p referred orn en tat i on , the hielihcr

thle mnodlUis.

(ii) At 0' o only small fractions of' the fibers.

have been diffracted so the intensity received

is a little too lOW. That Mean1s actual preferred

orientation for the fibers is much hi gher.

DI FPRA CTIO0A/
AREA

' ~ .1 4) corrected

90

iof small fractions di ffracted by x-ray
dffracit ion.
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(B) Optical microscopy and preferred orientation

(1) Theory

Optical preferred orientation measurements can be made

using three main techniques:

(i) Polarizer only

R 1 2 2  1 2 2
? (r + S + - (r - s ) cos 20

0I 0  2

IMAX r 2

IMIN s-2

Only a polarizer is used, and the sample itself
(2 2

behaves as the analyser. ( ' and s are the reflectivities parallel

and perpendicular in the highest and lowest directions.) If the ratio

of maximum light intensity to minimum is determined, the dependence on the

incident light is eliminated. However, the range of IMAX/IMIN is only

from 1 for isotropic to about 2.8 for fully oriented graphite. It is

also insensitive to the high preferred orientations in fibers, but would

be excellent for low preferred orientation materials.

The general case for a polarizer with an analyser

at a is shown below:

12 1 (2 20 2 2) 1 'r 2 2 " 2
1 2 1 (r2 cos 0 + s sin 0) + - {(r2 cos 2 - s sin-2) +
10 2

22 2 " 24r s cos (Y- 6 ) cos' 0 sin 01 cos 2 (q-a )

2rs cos 0 sin 0
tan 2 a r 2 2 9 cos 2 -- s)

r cos 0 - s" sin- 0
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(ii) Crossed polars

1r1 2 2 - 2rs cos (y-6 )}.(1 - cos 40)

0

IMIN 0 MAX___=0 =~ .082
10 0

The sensitivity is higher,.but incident intensity

must be kept constant. Experimentally, the sample area and optics must

also be kept constant, which is not convenient.

(iii) Apparent rotation angle "AR"

The stage is rotated to give maximum light intensity

with crossed polars (basal planes at 450 with respect to polarizer and

analyser), Figure 8, and then the analyser is rotated to give minimum

intensity, as shown in Figure 9. The value of the angle, A at the

minimum intensity describes the preferred orientation.

(2) Results using apparent rotation angle.

The value of the rotation angle at the minimum intensity

describes the preferred orientation, Figure 10. Although the minimum is

quite broad, the curve is a sin wave and can be evaluated by curve fitting

all the experimental data. Incidentally, these measurements were determined

with a photomultiplier limited to measuring light from a uniform small

region. Earlier, visual estimates of AR had been made with surprisingly

similar results considering the broad minimum. ltowever, the eye compares

the local region of interest with the surroundings, and the effect the

eye would generally see is shown in Figure 11.

area vs. Analyser Angle
surroundings
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As can be seen for- several high modulus fibers, the

apparent minimum is sharp, and visual determinations of approximate

rotation angles are precise.

CC) Comparison of preferred orientations determined by the
x-ray diffraction and optical microscopy

A correlation between modulus and preferred orientation

obtained from both the x-ray diffraction method and the optical microscopy

method is shown in Figure 12. Both curves have the same trend, that is,

the higher the preferred orientation (AR or 1) the higher the modulus.

6- 120W
- 10

\1/Z °
2 AR

.4

2

0

0 .0 I!
0 20 40 60 80

MODULUS (MSl]

FIGURE 12

Whqiile the correlations for either method are not perfect,

estimates of modulus could be made by either method.

(D) Residual stress

The optical activity observed in carbon fibers is a function

of crystalline optical anisotropy and residual stress. The results

described below were obtained to determine the importance of residual

stress on optical measurements and also to access the effect residual

stress might have on mechanical properties.
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(1) MotIlus vs. diameter relationship for a,; received
carbon fibers

Figure 13 shows the relationship between modulus and

ILNS fiber diancters. Thin fibers apparently exhibit hi gher values of

modulus than thick fibers. These results are similar to the work of

.Jones and Duncan

(a) Error analysis of diameter measurement

(i) The diameters used in Figure 13 were measured

from the edges of each fiber used in the tensile

tests. A histogram is shown in Figure 14.

(ii) A bundle of fibers were mounted vertically"

in epoxy, then the diameter was measured with

a fillar eyepiece (625X), Figure 15.

X 7 .81 i, s = 0.31, n = 53

(iii) The same sample used in (ii) was analyzed using a

Bausch F Lomb FAS-2 Image analyser, Fig. 16, to

count the corresponding diameter of each fiber.

The histogram is shown in Figure 17.

X = 7.74p, s, = 0.52, n = 53

(iv) The diameter of a single IINS fiber was measured

using a fillar eyepiece (625X) with random

position rotation of the stage and fillar eye-

piece viewer. A histogram is shown in Figure 18.

=8.25, s = 0.25, n = 55

(v) The same sample as (iv) was observed with oil

immersion (1562.5X). A histogram is shown

in Figure 19.

X = S.37ji, s = 0.11, n = 50

(vi) The variance in (iv) is only determined by

me asurement errors while the variance in

(ii) is a combination of both sample variance

and measurement errors. Since the sample and

measurement variances should be independent of
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Histogram a1 diameter for original fiber
measured with Image Analyzer.
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each other over the ranges studied:

S 2 = S2 + S2
0- 111 s

whe re S is tihe overall variance observed
in (ii) or (iv)

S variance due to measurement

S variance due to sampless

[:or case (iv), where the sample variance is

zero:

S- = S- .25"
0 111

and substituting this estimate of variance into

case (ii):
2- - S-2 + S2
o m S

.31 .25- +

S = .1,5

Hence, the sample standard deviation is less

than the standard devi ation due to mCa surement

errors.

The measurement deviations mainly consist of two

parts which again are independent:
7) 7 -,

S = S2 + S
In r e

S = variance from reading the vernier
r

S e variance from setting the cross hair on
c the edge of fiber

Increasing the magnification will give larger differences in the vernier

readings which decreases the value of S while S may stay constant.
r C

lowever, oil immersion increases contrast between fiber and matrix

and improves resolution- so S decreases. Comparison of (iv) and (x')
C I

shows marked decrease in standard deviation in measurement errors when

using an oil immersion objective at ISOX man i ficat ion.

I --
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Image analysis results (iii) had a much larger

deviation of S = 0.52, but this was mainly caused by a low pixel count.

Much higher magni ficat ion, to 5000X would decrease the standard deviation

to about .2. This is not any better than di rect opti cal mcasu rement and

also does not savc time. Many tiMes fiber diameters are measured by laving

the fiber on its side. This would allow an average estimate of the width

to be made from the area, and would be more accurate as the area is

larger. However, the focus is critical as the fiber is not a planar

surface. For filar measurements, the standard deviation w,'as found to be

significantly higher (S u .45), and more importantly, the average diameter

was about 10% lower than determined by cross-sectional experiments. This

average diameter difference is due to the fact tlt a focus error on the

longitudinal fiber can be recorded as a smaller diameter. However, it

should be realized that this error from measuring fiber diameters on their

side results in an over-estimation of fiber strength and modulus of about

20%.

(b) Error analysis of slope measurement

A Bascom-Turner 8010 Recorder was connected to the

tensile tester to plot o versus c. The same fiber was loaded 10 times,

averaged, the curve smoothed and differentiated to get the slope of the

(-c curve, i.e. modulus, as shown in Figture 20. There are two distinct

slopes along the c-c curve. tHence, care must be exercised to measure

the same slope, when comparing different fibers. In particular, modulii

would be signi ficantly lower for lower strength fibers as the initial

modulus would be emphasized. The correlation between strength and modulus

for fibers obtained from a single batch may be artifact because or this

effect and a common fiber diameter meaisurement vrror.
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(c) Thought experiment: measurement errors and
modtul us or t rength/dki amc to r l I t i oinsh i ps.

(i) Suppose we have a tow of fibers with constant

diameter and constant modulus fibers. What

effect would meaisurement errors in dinr"eter

give?, From the error aina Ivsis, it is hnown

that even with the oil immersion method at

ISOOX, the standard deviation is 0.1, that is

about 70% of the fibers will have + 0.1 error

in diameter. This error in diameter measurement

is enough to produce a trend in modulus vs.

diameter plots, i.e., the smaller the diameter,

the larger the modulus. If the fiber diameters

are allowed to vary, and the estimates of fiber

diameter standard deviation and measurement

standard deviation are used from section

JJID(1)J(a)(vi), the trend of observed modulus

versus diameter (area) for Fortifil 5Y (also

Courtelle PAN precursor) is correctly predicted

assuming a constant modulus for all fibers, Fig. 21.

(2) Modulus vs. diameter for air-oxidized fibers

Bundles of fibers were oxidized in air at different

temperatures for various periods of time. The fibers were examined using

SEM for uniformity of oxidation. Although the etching was observed to be

non-uniform for some times and temperatures, results of modulus vs. diameter

are shown in Figure 22 for all groups of fibers oxidized. ~lhile each group

showed an increase in modulus with decreasing diameter, the group avera.e

modulus decreased with decreasing diameter. Hence, as the average diameter

becomes smaller as the oxidation time increases the smaller the modulus

becomes. Therefore, a modulus gradient exists with the outside of the

fiber having a higher modulus than the ins ide of the fiber. Although the

-. ~. |
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FIGURE 22: Moduluis vs. diameter furoi d.6i Zedfbe

HMS FIBERS (AIR OXIDIZED)

1 AS-RECEIVED
2 580C 2hr
3 3hr
4 6300 30m
5 1lhr

80- 6 h
7 680C 30m
8 1lhr
9 7400C 15m

10 20m
11 25m
12 30m
13 7600C 10m
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scatter is high for this raw data, it can be significantly reduced. If

by chance the diameters of fibers selected for mechanical testing are

smaller than the bundle average, the observed modulus will be high. By

assuming an average slope exists for modulus versus diameter within a

group, the modulus can be normalized for the true average diameter.

(3) Strain results

Using ion sputtering to thin fibers, the contraction of

fibers was measured using SENI (Figure 23). An unmeasured error, which

involves the ellipticity in fiber cross-section and which may develop

with ion thinning, may affect the accuracy of this experiment. Neverthe-

less, the fiber is observed to contract as the outer surface is sputtered

away.

(4) Residual stress

Once the local modulus and local strain have been established,

the residual stress within carbon fibers is the product of modulus and strain

at each location within the fiber (Figure 24). Details on calculations for

converting average modulii and strains to local modulii and strains is

covered in Reference 6. The calculated compressive stress at the surface

is very high. Although the actual magnitude of the residual stress may be

significantly in error because of the strain measurements, especially near

the fiber surface, the fiber does appear to have sufficiently high residual

stresses to affect fiber strength.

IV. CONCLUS IONS

(1) Preferred Orientation either expressed by W ' or AR can be

related to axial properties of fibers. For no matter what kind of fibers,

the higher the preferred orientation, the higher the modulus.

(2) Many correlations between properties and fiber diameter reported

in the past may be in error becaiLse it is very difficult to determine the
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diameter of the fiber accurately.

(3) The small effect of surface abrasion on the strength of high

modulus carbon fibers suggests compressive axial residual stresses at the

fiber surface. This was confirmed by finding high residual stresses in

IINS fiber.

(4) For a high modulus PAN precursor fiber (Hfercules INIS) , the

modulus was found to be significantly higher at the fiber surface than

in the center.
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Microst ructural Studies and the small effect of surface abrasion on the strength of
carbon I ihbirs I 'et CoItIitivt- residual st rvsse;s It thli f lter itrface. A tluallit atlye
confil rmil jut1 thee at i, t-, -- s ohtiitied bY loitt i filer curvature- When one: Oiet 11 a

hi Ih rtodkIIus Lca 11t1 t 11cl'r 6i 1 I'l i ii leI d away. (luanit i tti tlIee daitca oil res Idua I st res svs
were calctilated It rt. dot, nid rca iltiti strain distribtutions , whicl were olttoittei liv
st, Icci, t l xid 1. 4tt' I :bht -. t o diI ei nt (Ililse ters. loa1 jttl of the axial rl res-
sive residuai~l str- , at ti, urfa, 0 or IbS I her is severail (IA.

Res idual stress, I ibL rs , nodol us Igrai jnt . L
In trod-ucti on

Transmission elect ron mlcrocity of carbon fibers reveals an undulating ribbon micro-
structure with hijgh .tsl.il al i~lnront of the ritbons near the surface and a lower al i gnmcnt
tow-rd t he zi be r 'a , itt-r Lee, of hlitheicr AilnjlI itude r ibbon onbt. 1Li 01S. ; :" - ( Fi .- I

tire 1.) I'lI is chAnlge ini tilt- itttdV/W.tVCIlngthI rat in oI thle ibIbons resul t _ I n a wm..dui-
lus grad ient wi thin t he t iber wi thI thle surfice layers having a hi Iher miodul us and the
core rtaterial a I e noduluis. The variat ion in axial preferrecd orientation also re-
sults in I gradient iii the, -toci itnt of thermal expansion tcrtas the fiber's transverse
sect ion. ' Sivce thle c:l ,I tie basal plane is lower titan1 thatI transverse to Lt, hasal

lnit is LXpecteiJ titit tile liber's interior, having .t larger component of the trie-
e~sc properties, ht., aI .lih~ I lt! var~ling Cib places the restr-aikIe interior into

tens ion and thle outer lill!,r nobori ress in upon cool int from p rocessing temnperatures.
Ibscompressiv.e st rCSSit tie, .urf ce ma account for tie insiensitiveness of carbon

il~ers to siur face flaws.' lur ini cooling f rotm prtocess itug temperatures,, radial
anit hoop I e idul sree ii:,,o deve lot withi:i carbon I ileVr; dIue to transverse l-ti-red
or jeton~jti in these Iibers. hoseW~ residual1 stresses catn causec cracks to develop par-
al;,l to 'he fibier axis which &diad. fibier ,;trnVthi."

Ihis paper will discuss .riotis technique!; developed to characterize microproperties and
to dv.tormnt n tile axial res idtiai st ress in carbon filters.

_r 'yrmnal Techies

The surfac layers ot. carbon fibers Were success ive ly rettoved by gSettUS u)Xidat Ion, Wet
oy-idation, or ion till ing. F-or air oxidation, tie fibers Were cleaned with I(:;, then
d rietd and plac-d into a flrnoce .It 650*C. Wet oxidat ion was carr ied out by placing the
fibers in a sol ut ion of 500111 concentrated It SO,,, 4At E,t ot L01lLInt ratd iNt.) wit ii 5,1m

ordissolved sod i am d ichiromnat e at 65'C . Fibers to be ion tinntetd were mounted onto a
fletal Wasile r wititll was fi] tttet to thle stag, tof the sputterintg ajtppiratus. The stage
rotated ha tweeti two opposed sputtering putis oplerit In, .It 6000(v and Al.a which permit ted
more unif ormt sputtering of the fibers. Tite Ifibers ill all three case's Were thltine to
dlifuernt re'dticeLd diateters bt, varviug the lengths of itiateOr lput ter ing thei .

Fiber strain and diameter titeaLuremnents were made with either ait Optical or with aI scan-
nin. electro m ticriisctpe . A aII,;ire reference grid was phttographttI with thre filter when
ts in.! M1K '!I , co r r-ct orl atsvn.-tiIcal1 dis t ortL I onl iid t o lIte 'd lt ( C Iif ICatLi on erI-ro rs.

So1th tile at ii1lts,. .,1 the t 1.i tttre load -.t ohtoit01 I il-er a te t:.a~-lWILt
a fiber tensile tester. Fibters (2.5mn gauge length) were mouitted itdividual lV and at
segment or the fiber was sac d I tor di amet er neasuremeTIt . A cottlipli aitce correct ion f or
thle tensile tester was used in, thte mtodilus determitiatiotns.

A techn iqute was develope-d to measure coint ract ion of f litr seymeits less than (I. cm In
leitgtih. A reference liitr wais mtounted Striltand a spec Imti filt was moted inl a
circular all- in a washler am, ',ht-wn ItI Figure 2.. Isoth filters were thenm spluttered and theIt
cont raction of tile spec iact fiber was meastireil, Ftgitre 2h. As Comptfresive surface Ilavers
were removed during slutieritig, the filber sfirank. flie st ra f ght to rhefIreitre f i tt natuitral I
rvit~ cIin s lat Ionatry ; i~otiwever , tlie i rred f Ibe r d rew away frtwto ie rI-fIve cr I fobr a s Ie
aIrt cd f I lie r LrOnt r.a(t ci. II- ttj.trvitivrit of Mtrjtdrt ]Itt (H!,(. outC hi'twken the tiivnit

filber anti the arce I ilmer was Ili indirect ntot-uets-lit of lit, rtaittail stie-s ()I thc
specimnen filter. The~ 11LAI.tl' ion is slowit ill gcij(tils 1.

*,tiw with I.11ISM. *li1t I c.14 ill I e I ork, U.A.



Results and Ditscussion

A) Eviden ce of AxialI Residual Stress and Ins Origin

Comimercially available carbon fibers in free state are straight and residual
stresses withlin tile filers oit be balancedi. lmtfti'smrfocc' laycr onl just one side

balanced; Lte ~mmctthat thceie il as le fiber to curl lan se-ek a7 stat we
thre net mosment is j!izeo ll outer layers of one side of a camrbon filier wcee

I, itL'mmt vI I II tIwm I tihom i "it I'd i : ti. 1W m e11"ct iln 111 ti I], I F1,1 im I ii i t jog, tim, i

sum11, v~m Layers wcre tiimdm'r 'Llmp res ioni

Ilime or igiii of rt-siduaml stresses is postulated to predominantly :mr ise f rom the t rans-
verse gradient in thie am.m.Al C'IE ot tie fiber and arises dumring time cool ing from final
processing, tem.;merdt mre. Tis hiypotimesis was supmpor ted In tile fol]owingp expmer iment.
Curled fibers, whmichm had beeni p romuced by sputtering away one side only of a fiber, were
ireated anmdm Observed to martially straighten. If time curl was mime to differential con-
trac tion mmro0dUmcem mn cool ing frmomm time graphimit izat ion t ei.fmeratumre * time differential strain

withmin time filmert, upomn maimgsimould decrease Wthich WommImi resmult fin a straightening o:
Eime irlemJI fibers.

B) Modulus and Strength Gradient

Botm time modulus aid time strength of IiNS fibers decreased after time outer layers of
timese fibers were renmoved . (Fi' i ire 3.) Biecaue Of eXime r intm II1 ml ff icult ies, modumlus
and st rrm .,th Iit time Cent~er of Hiercmmles 11115 fibers are mmnkmnmwmm As tile fimers were re-
duc~ed in diameter, imamnmlinmg of thlese delicate fibers bec,1:1e am diffiCimlt problem. Stoam-
dard temmiile tests were uimrel iable fur fibers witih diamreters less i,~m 4 microns dmme to
thme low fracture load of time fibers. For each hatcm of fibmers tested, a distributio-n in
diameter, rmdulmmsi, amid stremngthm was measured. Generally sril ler milammeter f ibers withmin
a batCim tend to possess higher strength anmd modumlus jiIle larger dlmm'rter flmecrs immve

lmower cmmiml ms anid st rmmm~t i

1) Modulus Gradient

Time form of Lte emuation for describing the modulus was selected by requiring
that time rimdul tit, be cent inuommmi; , smoothi , emit an on ique lier ivmmt lyve Cr = 0) , and bie con-
sistent with mlcrmmtrmctmrml mmimsevatlons. Fromm timese mmmnltimsa bes6t fitting
fourth power fmmmc t ion, Y (r) , was calculated by regressio loinammlys is musing all Lte indi-
v idual piImits. Time Itmmmc tion Y Cr) is time average modmimi, (CPA) omf reduced arvm lMS fibers
with rad ins r mesmured ii nmicronms.

Y(r) -166 + .929r" (1)

If a weighted regressomi analysis, ising the group average, is mscml:

Y(r) =129 + 1.15r"m (2)

Time difference between time two equations is caused by time magnified effect em outlying
points wimen time inmdiividmuml points are mmsed . Alt immuh tiegmmh m. ae regress ion
Constant s ,i ye am iet ter v ismmml fit whmemn time grmmp ive r.i'e pc1i ItS, time inl iV i1-.1 pimoInt
regression comstant s were used in later cml Cumat Ions tmm ioro mm cmt Ul IV dm'sm tflme t mm'

raw damtmm.

From time average modmlus function Y(r) , time local modmuluis E(r) ait radius r, ran
be calculated (Figure 4) by:

17(r) - Y(r) + r dY(r) (3)
2 m r

Fle calcumlat ed Modul us Is imighm at time smurface of mI 11 ftimers, anmi timtm der reusets quitl kIy
for tihe less aligned mmter ial tmowarmd time cemnter of t im i liner.

rime origin of time momdulus gradilent probably relates tmm relI xamt Ian mlmtlining time

Initial Stmhmil iZatf l sta)ge of carbon fifmer promcessimmg (mmf Him mmi P~ AN. pi- mr.m'm

filmr) . Iii ill y J.i igmemi momlemues prodmucedi mimrimmg st rttcimlm omf the immmr.m trom iii

.1 a lnd Oil Y at time surlfmmce b~ecamuse ofI rmm1,mid c ym I I zmItt Imitm. llmwi-vimI'm~oI mmlmitImt, mmea m t ie

cenrter of time fibher stabliize nmomre slowiy dime to mfemmmmcsm'm ,xv)-mm ,mmmmm rait lmmm a

are momre jpL tmm relax ammd ummhsequmenmtly imirri ma Imoim Imm... f1v -,Iim.' 'ti. Ill -mimt thle Imfe-

nior of carbon fiber, le il l ,mmemmt at time smirlim is Icttmlmm-m m 0miiii i.'.. .r.mmm-nI ~t Iloui

process; to produce Vim1igi tmfim; mat time smmr t oe m0m fimllm imm 1 im, 1 m Ill t 111it, !'-mI.v

pmtmmrly I lined lmmttevr imor resImI ts in timuwer -111 mims.



2) Strength of Oxidized Fibers

When the compressive surface layers of carbon fibers were removed, the average
strength of these fibers decreased. Since the high surface coapressilw stress was re-
roved, the mechanism which helps to reduce tile Initiation and proparation of flaws at the
surface is no longer present. This supports the thesis that comprc.sive residual stress
strengthens IIMS carbon fibers. The sharp reduction Lt measured strenth would indicate
that the magnitude of residual stress within carbon fibers is hitdi or the tutur part of
the fiber is the hi ghest strength portion of the t iber.

3) Strain Gradient

The contraction measurement of carbon fibers proved difficult. Contractions
are small and ion sputtering dat a showed variations among measurL'ments. Me'asured con-
tractions, e(r), are the equilibrium rest positions of a fiber al ter surface layers
greater than distance r from the center of tile fiber have been remt)ved. The contrac-
tions, e(r), are different from the local strains, c(r), of material at distance r from
the axis of the fiber. by considering the balance of forces, 11.Ve measured contractions,
e(r), can be transformed into local strains, c(r), with:

de(r) 0,r rE(r)dr
c(r) e(r) + (dr_) o"(Ir r 1( r)( )

A fourth order polynomial was used to fit the data with the following function
resulting:

e(r) = -.01145 + 1.16*10-5r
2 
+ 4.44*10-'r (5)

From the approximate function e(r), the local strain profiles, t(r), within carbon
fibers were calculated. (Figure 4.)

4) Residuil Stress Gradient

Once tile local modulus, E(r), and the local residual strain, f(r), have been
established, the resid.aal stress within carbon fibers is the pradtit of modulus and
strain at each location within the fiber (Fiyure 4).

The calculated compressive stress at the surface is very hi ph. Althou1th the
actual magnitude of the residual stress may be significantly in error because of the
strain measurements*, especially near tle fiber surface, the fibers co appear to have
sufficiently high residual stresses to affect fiber strength.

5) Consequences on Fiber Properties

While high surface compression minimizes the effect of surface flaws, 1
" the

high axial tensile stress in tile interior mav decrease strength by causing fracture to
initiate at flaws in tile interior rather than at the surface. Si:mdlarly, tile high axial
compressive stressed outer lavers of a fiber may initiate buckling, when the fil,cr is
compressively loaded. Mod if icat ions of the residual stress pattern ri lt allow In-
creased tensile and/or compressive strengthis to be obtained in Ii h rodli us carbon fi-
bers. A modulus gradient al so exists within carbon fibers. The modulus of tile surface
layers Is about twice tie average fiber modulus while tile interior modulus is only about
one-half tile average. This modulus gradlent suggests that higher modulus carbon fibers
could be produied if the modulus at the interior of these fibers coiild he lncreased.

Conclusions

All evidence indicates the existence of axial residual stresses in hiph modulus iNS car-

bon fibers. The curled fiber experiment, the resistance of fibers to strength degrading
surface treatnents, the contraction of fibers alter tile removal of tieir surface lavers,
and tile resiluil strain J,,radlent derived from an understand in, of the intern.il structure
ol carbon fibers all support the concInsion that tile surface lie Cs ire ill axial com-
pression and tie center of tLhse I ibers are in axial tension. T'hl;e residual st resses
appear to be large and should affect fiber strengths.

f--1 ______-S-w -t1 - t--tl-ilucr--ttica -- i be:r cot- triretl,,i n. su rnts-wil h---le p erformed dfo r ftle r s w ith j ut thinllV-

layers ol sirface reipoved. ltme magnttude of tile axial compe ssi v, resildul st rss; at
tile outer sir lace call tfiem be est imated lv:

r E• ,Ivg de ( r)0
surface dr

- 1r
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FIG. 4 FIG. 5

FIG. 1 - Schematic microstructure of HMS PAN carbon fiber.
FIG. 2 - Measurement technique of fiber contraction as a result of ion milling surface

Iay-rs away.
FIC. 3 - Average modulus and strength vs. radius after the removal of successive surface

layers.
FIG. 4 - Axial modulus strain and stress profiles of IIMS carbon fiber.
FIG. 5 - Stra!n determination of ton milled carbon fibers.

APPENDIX I - Calculation of Fiber Strain From Contraction Experiment.

Arced fibers are portions of circles (Fig. 5) described by: x" + y
2 

- R
2 

= 0.
The length of the arced, unetched fiber is I. - 20 R
wher d

2 + hA A

RA 2h and i - sin-(R) in radius. Wihen the ttched fiber contracts

to circle B th- length can be calculated sitr larly. The fiber strain Is
tlI. 2uAR,\ - 20 1RB 1 -t1 ~ ~ !
t 1 = -- :(J.l,\ . . (I - -26A. ' 0 I R1

A AA
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